The murine developmental control gene product, was shown to function as a DNA-binding transactivator in Saccharomyces cerevisiae. The importance of the ATTA core, the preference for antp class flanking nucleotides, the importance of Asn-51 of the homeodomain (HD), and the synergism of multiple binding sites all reflect properties that have previously been described for HOM or Hox proteins in tissue culture systems. A comparison of contact positions among genes of paralog groups and classes of mammalian HDs points to a lack of diversity in positions that make base contact, suggesting that besides the combination of HD amino acid-base pair contacts, another means of recognizing differences between targets must exist if Hox genes select different targets. The HD of antennapedia is identical to the Hoxa-7 HD. The interaction of Hoxa-7 with the exact sequence used in the nuclear magnetic resonance three-dimensional structural analysis on the antennapedia HD was studied. Hoxa-7 binding and transactivation was influenced by sequences outside of the known base contact zone of this site. We conclude that Hoxa-7 protein has a second means to interact with DNA or/and that the sequences flanking the base contact zone influence HD interactions by distorting DNA within the contact zone (base or backbone). This result is discussed in terms of DNA flexure and two modes of transcription used in S. cerevisiae.
Vertebrate Hox genes occur in related clustered arrays on four chromosomes. The expression domains in ectodermal and mesodermal structures along body and limb axes are characterized as overlapping, with the order of anterior expression boundaries along an axis generally correlating with the positions of the genes in a cluster. Experiments involving perturbed expression, overexpression, or targeted inactivation of particular Hox genes in a variety of organisms, with subsequent morphologic analyses, reveal evidence consistent with the idea that Hox genes specify axial positions in the head, trunk, and limb axes of the embryo (for reviews, see references 55 and 75) . An analogous function is ascribed to the homeotic selector (HOM) genes of Drosophila melanogaster (reviewed in references 55 and 75). Homeoproteins bind DNA and can function as transcription factors (reviewed in references 32 and 46) . Each Hox protein is thought to have target genes through which it exerts a segment identification role. Although no such experiments are yet reported in vertebrates, it is possible, by using domain swap experiments in the developing fly, to map target recognition specificity (for auto-or cross-regulatory targets) of Drosophila homeoproteins to within or near the homeodomain (HD) (18, 25, 45, 53) . Moreover, several mammalian Hox proteins can mimic in vivo site selection or specification functions of Drosophila HOM proteins with corresponding HDs (52, 54) , suggesting that enough information for some target site selectivity is contained within the conserved region near or within the HD of Hox proteins as well.
The three-dimensional structure of the HD-DNA complex is available for the domains of antennapedia (antp) (62) , engrailed (en) (42) , and Mat ot2 (89) . The Hoxa-7 HD is exactly identical in primary sequence to the antp HD throughout the N-terminal arm (N-arm) and the three helices. The Drosophila-derived en domain is only 27% homologous to the yeast-derived Mat (x2 domain. In addition, the Mat oC2 domain contains a three-amino-acid (aa) insertion between helices I and II. Despite these drastic differences in sequence, the backbone traces of the two domains overlap very closely (within 1-A [0.1-nm] root mean square difference) in the region between the N-arm and the end of the recognition helix (RH) (89) . In addition, the docking of these two strongly diverged HDs onto the DNA is extremely similar, an observation that provides a useful simplifying principle when recognition is considered (63) . In addition, comparison of the bound and unbound structures of the antp (Hoxa-7) HD revealed no major structural change upon DNA binding in solution (5, 68, 69) .
There is a central role for the absolutely conserved N-51 in recognizing an A in the major groove by a double H bond. This A is located in each core motif (TAAT for en; ACA for Mat a2). There are also evident differences between the two HD structures in base contacts. The similarly positioned recognition helices display different side chains (Mat ao2, S-50, N-51, R-53; en, 1-47, Q-50, N-51) to the major groove and thus make optimal contacts to the different combinations of base pairs displayed by the respective sites. The N-arm also displays several differences in base contacts in the minor groove (Mat a2, R7; en, R3, R5). Site selectivity of the Ultrabithorax (Ubx) and Deformed (Dfd) HDs have been mapped to the flexible N-arm by subdomain swapping experiments for DNA binding site selection in vitro (20) and for target site selection in vivo (49) . These two domains are of different classes, have identical recognition helices (except residue 56 [ Fig. 1 No underlined residue at a position indicates it was only found in the Mat a2 structure. The very similar docking and backbone traces of en, Mat (x2, and antp HDs on the DNA allow strong inferences to be made regarding the residues available for DNA contact at these positions in other HDs. All Hox HDs (bold) includes possible residues of all known mouse and human Hox domains from all four clusters and all 13 paralog groups (total of 36 Hox proteins per species). Symbols for other mammalian classes of HDs (italic) summarize possible residues in the HDs of mouse Evx1, and Evx2, human Evx2, and mouse Enl, En2, Oct2, Oct4, Oct6, Pitl, Pax3, Pax6, Pax7, and Cdxl. Despite the large number of domains represented in this figure, the types of residues available at the contact positions are minimal and variability is typically between, not within, classes. The contacts summarized were obtained by a detailed reading of the three publications which present three-dimensional structures of HD-DNA complexes (see text). (B) The N-arm of the HD is shown schematically. Possible residues are shown for those positions at which a residue is known to contact DNA in any of the three determined structures. Position 7 makes contact only in the Mat (x2 structure, and position 5 is conserved in all mammalian HDs examined (as described above). Thus, only position 3 can contribute to base sequence recognition if mammalian HDs wrap their N-arms into the minor groove similarly. However, unlike the RH, the N-arm is a flexible domain and could attach to DNA in a variety of ways and involving other positions. Helix 1 and helix 2 of the HD have only one residue that contacts DNA (Y-25) , which is absolutely conserved in mammalian HDs. Thus, DNA binding differences among members of a class, if they exist, are likely due to differences in the N-arm or in domains outside the HD. residues known to make base contact, in either minor or major grooves, are strongly conserved (Fig. 1) . If the target specificity of mammalian Hox proteins lies within or near the HD, as has been demonstrated for several examples of the developmentally analogous HOM proteins of D. melanogaster, how can very closely related mammalian HDs (within a class) distinguish specific sequences? Alternatively, one may ask whether these proteins have different sets of targets in vivo or whether they merely act differentially on a common set of targets (based on adjacently bound proteins and/or on altered DNA topology, for example).
To establish a system that allows detailed and rapid analysis of the sequence specificity of the closely related HDs within the Hox cluster, we examined the function of Hoxa-7 in a sensitive effector/reporter system in yeast cells. Previous reports show that Drosophila HD proteins (20, 22, 71) , the related Drosophila Dorsal and vertebrate c-Rel factors (37), Drosophila and vertebrate helix-loop-helix proteins (3, 10, 92) , vertebrate hormone-dependent transcription factors (56, 58, 66, 73, 86) , and vertebrate leucine zipper proteins (47, 80) can be functionally analyzed in yeast cells. DNA-binding specificities of different HD classes are readily resolved in such a system (31) .
In the process of defining a transactivation and DNA binding function for Brent) , either by inserting synthetic oligonucleotides directly into the XhoI (X) site or by inserting oligonucleotides into the BglII (Bg2) and NotI sites of a polylinker of unique sites that had been previously recombined into the X site (see Fig.  2 and 3 for sequences and junction details). All inserts were confirmed by sequencing (except K' and 2K' in Fig. 1 , which were created by inserting Sall fragments from 5K'TATA-CAT [29] into the X site of LR1A1). pHB-9 was provided by R. Brent (30) . CEN 6antp was derived by inserting the SmaI-NcoI (filled-in) fragment of LR1A1-6antp, containing the upstream and lacZ regions, into the PvuII sites of the vector pRS316 (74). 2.5antp-cyc was created by inserting the 3antp /X (Fig. 3 and 4 Plasmids encoding Hox/0-Gal fusions were used to obtain proteins used in binding studies, and plasmids encoding Hoxa-7/glutathione S-transferase fusions were used to obtain fusion protein for injecting rabbits and creating immunopurification columns. Hoxa-7/1-Gal fusions will be described in detail elsewhere. Briefly, BAL 31 deletions from the 3' end of the Hoxa-7 protein coding region, with attached linkers containing H3 sites, were inserted into the H3 site of pMLB1113 (27) . This created fusion of codons 1 7 .5], 1% Nonidet P-40, 1% sodium deoxycholate) was added, followed by 20 strokes with a Dounce homogenizer (tight pestle) and centrifugation at 104 x g for 20 min. The pellet was resuspended in 0.5% Triton X-100-1 mM EDTA and centrifuged again as above. The pellet was resuspended in 8 M urea-20 mM NaCl-20 mM KPO4 (pH 7.5) by rocking at 4°C for 24 h. Inclusion bodies thus solubilized were separated by large-scale SDS-PAGE, and the appropriate band was recovered by gel elution as described previously (27) . Recovered protein was dialyzed against 50 mM (NH4)2CO3, lyophilized to dryness, and resuspended in 70% formic acid at 5 to 10 mg/ml. CNBr was added at a 100:1 molar ratio with respect to the molarity of methionine residues in each Gex34 preparation; the mixture was covered with N2 and allowed to incubate 48 h at room temperature in the dark. Ten volumes of water was added, and the sample was lyophilized to dryness. CNBr cleavage products were separated on largescale double stacking gels (72) , and the appropriate 92-aa peptide gel, isolated as described above, was dialyzed against phosphate-buffered saline (PBS). A 5-week-old New Zealand White rabbit was injected with 300 ,g and boosted with 250 p,g of antigen, and serum was harvested as described previously (27) .
Immune sera collected at various times were pooled, (NH4)2SO4 (0.29 g/ml) was added, and the sera were kept on ice 1 h and centrifuged at 104 x g for 30 min. The pellet was resuspended in and dialyzed to equilibrium against PBS. After clarification, this immunoglobulin fraction was repeatedly passed over two preabsorption columns (until no protein was retained) and one immunoselection column as described previously (27) . The preabsorption columns were prepared as follows. (i) IPTG-induced Gex3x-containing bacteria (as described above) were resuspended in 0.2 M sodium borate-0.2 M NaCl-1 mM PMSF, treated for 4 min with glass beads in a Bead-Beater, and clarified by centrifugation at 104 x g for 15 min. This soluble extract was coupled to CNBr-activated Sepharose as described previously (27) . (ii) Total soluble protein was prepared from a culture of E. coli DH5Alac harboring the parental plasmid pMLB1113 as described previously (83), dialyzed to equilibrium against 100 mM Na2CO3 (pH 8.3)-0.5 M NaCl, concentrated to 20 mg/ml by ultrafiltration (Amicon; as specified), and coupled to Affi-Gel 10 (Bio-Rad; as specified). The immunoselection column was prepared by coupling 7 mg of purified (as described above) 13-Gal/NT to Affi-Gel 10. The final eluate from the immunoselection column was dialyzed to equilibrium against PBS, made 10% in glycerol, and stored as aliquots at -70°C. This preparation was able to specifically detect the CNBr fragment, representing the N-terminal 88 aa of Hoxa-7, in Western blot (immunoblot) analyses (data not shown).
Yeast whole cell extracts (see RESULTS Hoxa-7 transactivates a reporter gene in S. cerevisiae. To utilize the simple eukaryote S. cerevisiae in the analysis of Hox proteins, a Hox-specific effect needed to be demonstrated ( Fig. 2A) . Known binding sites for either the antp HD (BS2 [57] ; designated antp here), the Hoxa-5 protein (footprint b [60] ; designated hx here), the en, paired, zerknullt, Ftz, oct2, and even skipped proteins (K' fragment, which contains sequences from -949 to -708 of the en promoter including the five binding sites from which the original en consensus was defined [17, 29, 34, 43] ), and the bicoid protein (30; designated the hb site here) were tested in a silent reporter vector (LR1A1). Sites were multimerized to maximize transactivation effects (29) . Figure 2 shows diagrams of reporter genes with their respective insert sequences. Hoxa-7 was clearly able to transactivate reporter genes containing HD binding sites in S. cerevisiae. The transactivation was dependent on the inserted sites and on the presence of an effector plasmid containing the Hoxa-7 coding region in the sense orientation.
Effector and reporter genes were on plasmids containing replication functions of the 2,m circle. Typically, these plasmids are present at 50 to 100 copies per cell. Odenwald et al. (60) show that the related Hoxa-5 binds sequences within replication origins, suggesting that Hox proteins could influence DNA replication of the reporter plasmids containing Hox binding sites. In addition, it was possible that Hox expression caused selection of clones with low effector plasmid copy numbers (overexpression of transcription factors is often detrimental). A compensatory increase in reporter copy number would then result in a higher signal in Hox-expressing cotransformants. To test whether the Hox-specific reporter signal was only a copy number effect, the reporter transcription unit with the strongest transactivation signal was recombined into a CEN-based plasmid which is maintained at one to two copies per cell. Figure 1B demonstrates transactivation by Hoxa-7 of the CEN reporter. A clear difference in reporter gene activity is observed between Hoxa-7-expressing and control strains. Thus, Hoxa-7 did not exert its effect by directly influencing replication or abundance of the reporter plasmid.
To test whether the Hoxa-7-specific transactivation could also be achieved in a different promoter context, the best transactivation site was inserted into a reporter gene containing the cytochrome c minimal promoter. Clearly, Hoxa-7-specific transactivation is observed in the alternative promoter context (Fig. 2B) . Thus, Hoxa-7 specific transactivation is not absolutely dependent on specific factors that bind only to the residual GALI-GALIO promoter context (see Fig. 8 ).
In our attempt to use S. cerevisiae as a Hox-free system in which the function of each Hox protein can be measured independently (and thus comparatively) and the interactions of HD proteins with each other can be excluded (not possible in mammalian cell systems), it was important to demonstrate that the Hoxa-7-specific transactivation was not influenced by interactions with the yeast HD proteins al, cl, and a2.
To test this possibility, isogenic strains of the two haploid mating types (YPH499 and YPH500) and diploids (YPH500) (74) were transformed with high-, middle-, or low-activity reporters. No qualitative differences in transactivation were observed between these three strains for any effector-reporter combination tried (data not shown). Thus, the Hoxa-7-specific transactivation is identical with various combinations of al, al and a2 present. One other HD protein, the PH02 (BAS2) protein, has been discovered in S. cerevisiae. We have not yet tested whether this influences Hoxa-7-specific transactivation.
Point mutation in the Hoxa-7 HD abolishes transactivation. The transactivation effects described above were clearly Hoxa-7 and cis-element specific. However, they could conceivably have been the result of a bridging mechanism or of a secondary activation mechanism. The former implies that a yeast factor bound to the inserted cis-acting element of the reporter gene but was unable to function until Hoxa-7 was present to form a bridge to the general transcription apparatus. The latter implies that Hoxa-7 functions to alter the expression of a yeast factor which then acts directly on the cis-acting element inserted into the reporter gene.
To discern whether Hoxa-7 functions via a bridging or binding mechanism, a point mutation was engineered into the Hoxa-7 HD. Asn-51 of the HD engages in two hydrogen bonds with the central adenine (TAATNN) in the major groove. Furthermore, Asn-51 is conserved in all HDs except that of pem (46) . Removal of the amide functional group from Asn-51, as ain Ala-51, results in a complete ablation of Hoxa-7-specific transactivation for all reporter constructs described above or below. Figure 4 clearly demonstrates this for several reporters which produce increasing amounts of transactivation signal with the intact Hoxa-7 coding region. The three-dimensional structure surrounding this amino acid and the hydrogen bonding interactions are well understood for this and other HDs. It is unlikely that the alteration of the Asn-51 side chain significantly distorts the remainder of the Hoxa-7 protein structure. If transactivation were due to a bridging mechanism, it would be extremely unlikely that the amide functional group, absolutely essential for DNA binding in the major groove, is also essential for bridging. Therefore, DNA binding by the Hoxa-7 HD is required for transactivation and the bridging mechanism can be excluded.
It is considerably more difficult to exclude, in vivo, the possibility that Hoxa-7 is transactivating the reporter by a secondary activation mechanism. Typically, a direct effect is assumed if the cis-acting element required for transactivation in vivo can be shown to specifically bind to the protein in vitro. The specific binding of Hoxa-7, in yeast extracts or as a highly purified fusion protein, to the antp and hx binding sites is demonstrated below (Fig. 5 to 7 ).
Mutational analysis of cis-acting elements by transactivation. Although the most striking, Hoxa-7-specific, transactivation was from reporter genes containing either antp or hx sites, the absolute levels of transactivation of these two constructs differed by 1 order of magnitude. The base sequence specificity of the HD is determined by major groove-RH base contacts 3 bp upstream and by minor VOL. 14, 1994 on identical to that of Hoxa-5 in all residues known to make base contact in the antp or en structure. The identical RHs, and the lack of differences at positions which contact DNA (except residue 6, a backbone contact), of these HDs simplistically leads to the assumption that all three proteins should recognize identical base sequences. The antp site and hx site were isolated independently on the basis of their interaction with the purified, bacterially produced antp HD (57) and the baculovirus-produced Hoxa-5 protein (60), respectively. As expected, the best sites identified in both of these studies have identical base contact zones (CCATT AG). The surprisingly drastic difference in function of Hoxa-7 from these two sites suggested that these sites differ in flanking sequences critical to either binding or activation.
Comparison of hx and antp sites (Fig. 3A) suggested a mutation strategy to identify the nucleotides flanking the base contact zone which were critical to transactivation. The region of the antp site known to be in proximity to the Hoxa-7 (antp) HD (interference zone) is indicated by triangles and circles (1) . Only Figure 3A shows that transactivation from the lantp site was only slightly greater (1.6-fold, with vector background subtracted) than that from lhx. This contrasted greatly with the >10-fold difference between 6-mer or 3-mer sites ( Fig. 2 and 3B ) and suggested that the affinity of Hoxa-7 for the antp site increased with site number, whereas the very similar hx site seemed to lack this property. Contrary to expectations, the contact swap mutant increased transactivation somewhat, suggesting that CCC is more favorable to Hoxa-7 interaction in vivo than is the AAG used in the characterized Hoxa-7 (antp) HD-DNA complex (1) . The noncontact swap mutant reduced transactivation to levels comparable to that from lhx as did the contacts-only mutant, which essentially replaced the GAGAA of 1 antp with flanking sequences and changed the position of the site by a half turn with respect to the promoter context. The T-swap did not influence Hoxa-7 transactivation. Thus, sequences outside the interference zone and those immediately flanking the base contact zone influenced transactivation in vivo.
The importance of the core ATTA sequence to transactivation was tested with a site (ATTA-ACCA) containing mutations in the core which eliminate binding of Hoxa-7 (see below). Although the transactivation of the lantp site was impaired by this mutation, the ACCA mutant retained the ability to transactivate specifically at just barely below the level of lhx. This was not due to a spacing effect because reporters with other inserts at this site are transactivated at the level of the basal reporter (data not shown; see Discussion). Thus, regions outside the Hoxa-7 (antp) HD contact area, notably the Pu/Py asymmetric region (GAGAAA AAG), were as important to transactivation as the ATTA core was. The inability to abolish transactivation by mutating either of these components alone suggests that both were required for optimal transactivation.
A second set of experiments was designed subsequently to determine whether the results obtained by analysis of single sites could explain the much larger differences observed with multimerized sites. Figure 3B shows transactivation obtained with 3antp versus 3hx sites differed by at least 10-fold. Experiments with weaker effectors gave larger fold differences (data not shown). Again, disruption of the core ATTA sequence in all three binding sites reduced but did not abolish transactivation (see Discussion). Comparison of the 3antp and 3hx sites led to the observation that the base contact zones were connected by uninterrupted, A-rich, purine strands in 3antp and by interrupted, C-rich, pyrimidine strands in 3hx. This led to speculation that the AT richness and/or the Pu/Py asymmetry of the connecting DNA influenced the topology of the core binding motif in vivo to give different levels of transactivation. The purine strand disruption (PSD) mutant was designed to interrupt the contiguous Pu/Py asymmetric strand at every third residue without changing the spacing or base contact zones. The PSD mutant also changed the spacer DNA from AT rich to GC rich. As expected, the mutant did not destroy transactivation but ameliorated it to a level between those of 3antp and 3hx. Thus, the orientation of the Pu/Py asymmetry with respect to the core and/or the AT richness of the spacer was crucial to transactivation.
Removal of the spacing sequences between interference zones (three contacts only) or insertion of 10 bp from a nonfootprinted portion of the immunoglobulin heavy-chain promoter (three contacts/10-bp space) resulted in the same activation levels as for 3hx. Thus, at three different spacings of the base contact zones (4, 12, and 14 bp), similar transactivation levels were seen, indicating that transactivation is not exquisitely sensitive to spacing. These results also suggest that the reduced transactivation observed in PSD and 3hx was not the result of a repressor interacting with the spacer sequence. Although the effects are more striking, results with 3-mer sites correlate well with those obtained for single sites. Not only the core motif but also the flanking Pu/Py strand (also AT rich) was important for optimal transactivation.
Effect of site multimerization on transactivation. The dramatic differences in transactivation levels achieved with single and 3-mer sites prompted an investigation of the site number dependence. Figure 4 shows that Hoxa-7-specific transactivation increased exponentially with site number at least up to 3 antp sites and thereafter increased linearly. The increase in activity with site number was dependent on the effector plasmid in use (Fig. 4B) . The Hoxa-7 coding region was placed under the control of the GALl (UHA88), GAL1O (UHC63), GPD (pGHoxl.1), or ADH (ADH-Hox) promoters. Two constructs containing the reverse orientation coding region behind the GALIO (UHC) and ADH (Rev-Hox) promoters were also tested. The two strongest effector plasmids (UHA88 and UHC63) clearly showed nonlinearity, hence cooperativity, of transactivation with site number. Intermediate-strength effectors (ADH-Hox and pGHoxl.1) also gave significant nonlinearity, but it was not as apparent at higher site number. Presumably the differences observed with various effector plasmids are due to different levels of MOL. CELL. BIOL. Hoxa-7 being produced (see above). Thus, the various strengths of synergism observed with different effector plasmids likely reflect the ability of the particular effector to fill the available sites with Hoxa-7. Perhaps an optimum complex size exists which maximizes transactivation per bound Hoxa-7. The size of this complex would be between three and six sites. The clustering of HD binding sites in promoter sequences from Drosophila and mouse genes suggests that such synergism may be a general feature of natural HOMI Hox targets. Future investigations will be required to determine the optimum number of sites, spacing, and spacer composition. The yeast system will provide a simple, quantitative means to do this with individual homeoproteins and with defined homeoprotein mixtures. Synergism may be mediated by cooperativity in DNA binding, cooperativity in transactivation, or cooperativity in chromatin structuring.
Orientation effects on transactivation. To test whether the exponentially higher signals seen with multimer binding sites are due to a stronger binding site being formed at the junction point of direct antp repeats, direct versus inverted repeats of antp binding sites were compared (Fig. 4C) . The two reporters were equally effective in transactivation assays, indicating that no extra protein binding site or advantageous structure is formed at the junction. In addition, this experiment suggests that the synergistic effect observed with site multimerization does not depend on the orientation of the bound Hoxa-7 proteins with respect to each other.
Orientation-dependent function of transcription factors is relatively rare and usually ascribed only to the TATAbinding protein or TF2D complex. A threefold effect of orientation on transactivation was observed with a single antp site. The better-functioning orientation places the center of the core motif 8 bp further upstream and has a Py-rich region downstream on the sense strand (Fig. 4C) . The orientation effect may be due to edge effects.
The orientation dependence of a 3antp site was measured to determine whether the orientation dependence of a single site was amplified upon multimerization. The 3antp site functioned in an orientation-and edge-independent manner. Thus, the orientation-dependent function to Hoxa-7 measured for a single site was obscured by its homosynergistic properties.
Purified fusion protein binding. Transactivation by Hoxa-7 in S. cerevisiae is likely to occur by a direct binding rather than a bridging mechanism. However, it is difficult to exclude secondary activation, the activation of some factor X by Hoxa-7, which in turn activates the reporter. Typically this cannot be demonstrated in tissue culture systems, although it is more likely to occur there than in yeast cells, as a result of the large number of similar Hox genes in a cluster controlled in part by auto-and cross-regulatory interactions. DNA binding of Hoxa-7 to the antp site was examined in vitro to determine by an independent method whether a specific interaction exists between Hoxa-7 and the antp site.
If Hoxa-7 binds to the antp site in vitro, it is likely that this also occurs in vivo, given these data and the evidence presented above.
A protein (N214/13-Gal) containing 214 aa of the Hoxa-7 protein, including the HD and lacking only 15 C-terminal residues, fused to the N terminus of ,3-Gal was isolated by substrate affinity chromatography to electrophoretic homogeneity. A similar fusion protein (N85/13-Gal) containing only the N-terminal 85 aa of Hoxa-7 was similarly prepared as a control. Gel shift analysis with the labelled 3antp oligonucleotide and the purified fusion proteins revealed specific bands with the N214/,B-Gal fusion protein that were absent with equal or greater amounts of N85/13-Gal fusion protein (Fig. SA) . To identify the shifted band by a second means, an affinity-purified antibody preparation (Abl) was used to supershift the band. Abl was derived from a rabbit injected with a glutathione S-transferase/Hoxa-7 fusion protein derivative. Addition of Abl to the binding reaction resulted in a dose-dependent appearance of bands of lower mobility but did not lead to a clear reduction in the intensity of the original band. This is most likely due to recruitment of more protein into complexes as was seen with extracts (below). Abl did not result in a shift by itself or in combination with N85/13-Gal. These results were consistent with the idea that the Hoxa-7 protein interacts with the 3antp site via its HD.
Binding to mutant sites. To determine whether the in vivo transactivation results could be explained by a simple correlation with in vitro binding affinities, the 3-mer oligonucleotides tested in reporter constructs were gel isolated and labelled by Klenow filling of sticky ends, and bands were isolated again. The individually labelled oligonucleotides, of comparable specific activity, were incubated with identical amounts of N214/,B-Gal fusion protein and separated on native gels (Fig. SB) . Strongest binding was seen for the 3antp oligonucleotide, regardless of ends. The core mutation abolished binding, and the other mutations reduced binding to lower levels. Thus, binding affinities of the oligonucleotides to the fusion protein correlated directly with transactivation levels. Only the three contacts/no space probe bound better than expected from transactivation results, perhaps because the closer spacing allows the 1-Gal moiety of the fusion protein to dimerize, an effect not possible in the transactivation system. Also, the absolute elimination of binding with the core mutation does not correlate with the merely reduced transactivation for this mutation (see Discussion). Nevertheless, binding experiments with highly purified Hoxa-7/,B-Gal fusion demonstrated that both the core and the spacer sequences were important for binding, a recapitulation of the transactivation results.
Multimerization enhances binding. The homosynergistic transactivation described above ( Fig. 3 and 4) for multiple binding sites could be a result of either cooperative transactivation or cooperative binding. To distinguish between these models, the 3antp/N214/,B-Gal mobility shift band was competed for with unlabelled specific competitors containing different numbers and orientations of tandem antp binding sites. The competitors were of different lengths but had identical ends. Figure 6 shows that the unlabelled specific oligonucleotides containing more than one site all competed for the protein with similar efficiencies. Only the single antp site was unable to compete, even at much higher concentrations of sites. The inability of lantp to compete was not due to an intrinsic inability of the fusion protein to bind a short piece of DNA because the fusion protein could bind to it when it was the labelled probe (data not shown). Thus, a single adjacent site in either orientation led to increased binding. However, the transactivational cooperativity seen in vivo had its maximum inflection between two and three sites, whereas the inflection for in vitro binding seems to occur between one and two sites. The reason for this difference may be the native Hoxa-7 protein, its concentration relative to that of the DNA, the supercoiled DNA topology, or the presence of other factors in the in vivo yeast system. These results are consistent with the hypothesis that Hoxa-7 homosynergism functions by cooperative binding.
Binding with yeast extracts. Standard attempts at achieving Hoxa-7-specific gel shifts with whole cell and nuclear extracts derived from yeast strains which gave maximal trans-VOL. 14, 1994 on activation remained unsuccessful. However, addition of an affinity-purified antibody, directed against a glutathione S-transferase/Hoxa-7 N-88 fusion protein, allowed a Hoxa-7-specific band to be observed (Fig. 7A) . Yeast whole cell extracts prepared from Hoxa-7-transformed and control strains were mixed with increasing amounts of the antibody preparation prior to addition of the labelled 3antp probe. Electrophoretic analysis revealed no difference in pattern between test and control extracts in the absence of antibody. However, in the presence of antibody, bands of retarded mobility were present only in Hox-containing lanes. The antibody without extract did not induce these shifts. This finding is consistent with the idea that Hoxa-7 is expressed from the effector plasmid and that the bands are the result of Hoxa-7 binding to the 3antp probe. The three bands likely represent different site filling of the 3-mer probe. Two explanations are consistent with the appearance of Hoxa-7-specific bands upon antibody addition. First, the antibody, directed against the N-terminal 88 aa of Hoxa-7, competes with a yeast protein (or the N terminus) that occludes the HD binding surface. Second, the antibody may serve as a bridge between two Hoxa-7 proteins, thereby promoting synergistic binding to the tandem sites. In the fusion protein binding assays this bridge may be the dimerization domains of the lacZ moiety. At any rate, this technique presents a means to visualize the Hox protein produced in yeast cells.
The binding activities of 3-mer mutant oligonucleotide binding sites were compared in yeast extracts (Fig. 7B) . Extracts prepared from yeast cells transformed with either Hoxa-7 or control effector plasmids were mixed with equal amounts of antibody and then with each of the seven individually labelled oligonucleotides of comparable specific activity. Figure 7B shows that a Hoxa-7-specific band was clearly evident with the 3antp probes (regardless of ends). A faint Hoxa-7-specific signal is present with the PSD probe. Longer exposures allowed weaker yet Hox-specific bands to be detected for all 3-mers except for the core mutation (Fig.  7B, bottom) . Thus, the core mutant abolished binding, 3antp had the strongest binding, and the other oligonucleotides showed signals of intermediate strength that correlate with transactivation data. Thus, binding in extracts was also consistent with the model that the degree of transactivation from a 3-mer site is closely related to the affinity of Hoxa-7 for the site.
DISCUSSION
The results above describe the first evidence that a vertebrate HD protein can function as a DNA-binding transactivator in yeast cells. In such a system, several functional properties expected by analogy to Drosophila HOM proteins can be recapitulated and sensitively measured. Hoxa-7-mediated transactivation in S. cerevisiae (i) displays a preference for consensus sequences with the flanking CC dinucleotide (as in CCATTA) which are known to be preferred by antp class recognition helices (46) (crystal and nuclear magnetic resonance structures) (sites containing the flanking dinucleotides for bicoid [GG] or en [CA] type only give marginal and spurious Hoxa-7-specific transactivation that is barely above background [ Fig. 1] [26a] ); (ii) is absolutely dependent on the Asn-51 amide group, which makes two H bonds to the central A; (iii) requires the central TT dinucleotide in the ATTA core for binding; and (iv) displays homosynergism with multimerized binding sites (29) . Thus, the data are consistent with a mode of transactivation similar to that described for several HOM proteins (13, 44, 87) and recently for several Hox proteins (4, 65, 91) . These properties are expected because the HD of Hoxa-7 is identical to that of antp in the N-arm and helices, and has an RH 3identical to those of Dfd, Ubx, and Ftz HDs (except residue 56) .
We have also shown that Hoxa-7 recognizes known consensus binding sequences in vitro, using purified fusion protein of bacterial origin. In addition, we compare binding (77) .
Spacer DNA-induced distortion or a second binding domain. The sequence GAGAAAAAG resides adjacent to the base contact zone in the antp site which is preferred in binding and activation to the various mutant sites (Fig. 3) that have identical base contact zones but differ in the flanking region. We have discussed the elimination of bridging models by use of a point mutation in the HD ( Fig. 4 by using 400 mM NaCl whole cell extracts (18 ,ug of total protein) premixed with 0, 0.3, 1, 3, or 6 p,l of affinity-purified antibody preparation (same source as in Fig. SA). (B) Labelled, band-isolated probes of comparable specific activity were used to assemble binding reactions with whole cell extracts (with or without Hox; 800 mM NaCl), 3 pl of affinity-purified antibody (in all lanes), and 0.3 jig of poly(dI-dC). The gel was autoradiographed for 24 h; the strip at the bottom is a 5-week exposure ccrresponding to the prominent Hox-specific band. Although the intensity of the Hox-specific band was reduced for the PSD and 3hx probes, the mobility is identical to that of 3antp. Heterogeneity of band-isolated probes was also observed in the absence of protein (data not shown). Designations are as for Fig. 5. bends may occur at junctions with mixed sequence DNA because of differences in propeller twist, base pair inclination, and base stacking on the two sides of the junction. In addition, A tracts are thought to be particularly stiff because DNA has only one, rather than two, preferred roll angles (11) at the 1T (or AA) base step. Both nucleosome exclusion by long dA-dT homopolymers (67) or positioning by shorter dA-dT homopolymers (50) , and intrinsic curvature of DNA with phased A tracts (for a review, see reference 16) is explained by these properties (see references cited above and discussion below).
A tracts have been implicated in chromatin opening by their interaction with nuclear scaffolds and histone Hi (15, 38, 39) . Interestingly, a recent review focuses on potential HD binding cores also found in elements that are involved in chromatin structuring (6) .
The antp site-derived spacer (GAGAAAAAG) resembles sequences which occur between the neighboring bacterial HTH binding cores in natural phage 434 operator sites (GAAAAA in OR3 and others in [2] ) and in a Hin recombinase site (GAGAAAAG [51] ). A similar sequence occurs between the HD binding cores in a haploid-specific operator (AGAAAAG [19] ) which binds an al-a2 heterodimer.
We will discuss the two working models for Hoxa-7 preference for the GAGAAAAAG spacer in light of some of the unique physical/biochemical and biological properties outlined above.
Intrinsically bent DNA. Many base sequences can impart systematic curvature to DNA, but most such effects are small compared with the special effect produced by runs of homopolymeric dA-dT base pairs (A tracts) (16 [33] or phage 434 repressor [35] ) the monomers bound at the core motifs.
Molecular interpretation in two modes of transactivation. Two fundamentally different modes of transcriptional activation have been delineated in S. cerevisiae (79) , one by domain activation the other by modulation of chromatin/ DNA structure (topology mode). Figure 8A shows the inter- (Fig. 4C ) (6) , the dependence on site number (Fig. 4A and B) , the dependence on Hox dose (Fig. 4B) , and the function in a second minimal context (Fig.  2B ) are evidence that is consistent with the idea that Hoxa-7 is functioning as a classic enhancer-binding protein that mediates its orientation-and (presumably) distance-independent effect, presumably by an activation domain contacting, directly or by bridging factors, the growing preinitiation complex. The action of Hoxa-7 in this model requires a functional HD (Fig. 4 ) and core motif (Fig. 3) . However, several observations are inconsistent with this simple interpretation. First, mutation of the core motifs in a manner known to abolish Hoxa-7 (antp) HD binding (1) in the single or 3-mer studies (Fig. 3A and B) Fig.  3B ). Core disruption reporters (1-and 3-mer) gave same activity as the vector when cotransformed Ala-51 mutant effector, while the corresponding Asn-51 effector recapitulated the Hox responsiveness (data not shown). Thus, the responsiveness was absolutely dependent on the amide group of Asn-51. Second, the threefold orientation dependence of the lantp site also does not fit into the classic enhancer description. These discrepancies could be explained by two models. (i) A second DNA binding domain in Hoxa-7 specifically binds to the spacer. This property was not recapitulated in vitro with whole cell extracts. (ii) The spacer sequences synergize with residual Hoxa-7 binding sites (Fig. 8B) . In fact, we have selected dA-dT-like elements at the active spacer position of this minimal promoter context based on Hox responsiveness (unpublished data).
What implications do these models have for the role of (Fig. 3, 5, and 7) . Transactivation domains interact directly or by adapters with the growing preinitiation complex to aid the initiation of transcription (arrows). A potential activation domain of Hoxa-7 is the C terminus, consisting of 15 glutamic acid residues. A domain of Hoxa-7 likely to interact with the Pu/Py asymmetric AT-rich spacer is the proline-rich N terminus which contains potential P-tum motifs for general recognition. (B and C) These models of transactivation to explain how the core disruption mutants mediate a Hoxa-7-dependent transactivation (Fig. 3) even though the cis-acting element inserted into the silent LR1l1 reporter does not to bind Hoxa-7. These two models are based on analogy with the models for basal transcription of the HIS3 promoter described by Struhl (79 
